
r 

USAARL REPORT NO. 78-15 

MATHEMATICAL MODELS OF SKIN BURNS INDUCED BY 
SIMULATED POSTCRASH FIRES AS AIDS IN THERMAL 

PROTECTIVE CLOTHING DESIGN AND SELECTION 

By 

Francis $. Knox, III 

Thomas L. Wachtel 

Stanley C. Knapp 

June 1978 

U.S. ARMY AEROMEDICAL RESEARCH LABORATORY 
FORT RUCKER, ALABAMA 3 6 3 6 T  



UNCLASSIFIED 
SECUR, TY CLASS,~ICATIO. O~ THIS PAGE ~.~an D,~a ~,,t~o~ 

n n nl n I I  In Inn 

R E P O R T  D O C U M E N T A T I O H  P A G E  
'~: R E P O R T  NUMBER Iz. GOVT ACCESSION NO. 

L USAARL Repor t  No. 78-15 
14. T I T L E  (and Subtitle) 

MATHEMATICAL MODELS OF SKIN BURNS INDUCED 
BY SIMULATED POSTCRASH FIRES AS AIDS IN THER- 
MAL PROTECTIVE CLOTHING DESIGN AND SELECTIOI~ 

7. AUTHOR(e) 

F. S. Knox,  Il l ,  T. L. Wachtel ,  and S. C. Knapp 

9. PERFORMING ORGANIZATION NAME AND ADDRESS 
US Army Aeromedica l  R e s e a r c h  Labora to ry  
P.  O. Box 577 
Fort  R u c k e r ,  AL 36362 

| | .  CONTROLLING OFFICE NAME AND ADDRESS 

, US Army Medical  R e s e a r c h  & Development  Command 
F o r t  Derr ick  
F r e d e r i c k ,  MD 21701 
1~4. ' MONITORING AGENCY NAME & ADDRES~'I !  different h'om Controillnl2 Off ice) 

16. DISTRIBUTION STATEMENT (of this Report) 

ADA066946 
Technical Repol~ 

READ 11~ S T R U ~ O N S  
BEFORE COMPLETING FORM 

3. RECiPiENT'S CATALOG NI3MBER 

S. TYPE OF REPORT & PERIOD COVERED 

Final  Repor t  
6. PERFORMING ORG. REPORT NUMBER 

8. CONTRACT OR GRANT NUMBER(e) 

i 10. PROGRAM ELEMENT, PROJECT, TASK 
AREA & WORK UNIT NUMBERS 

6 .27 .73 .A ,  3E762173A819, 015 

, 2 .  R~P'~)RI: DATE " '  

June  1978 
13. NUMBER OF PAGES 

31 
15. SECURITY CLASS. (of this report)  

Unclass i f ied  
|Sa. DECLASSIFICATION/DOWN(3RAOING 

SCHEDULE 

This  document  has  been  a p p r o v e d  for pub l i c  r e l ea se  and sale; i ts  d i s t r i bu t ion  is 
un l imi t ed .  

17. DISTRIBUTION STATEMENT (of the abstract entered 2n Block 20, i f  different from Report) 

18. SUPPLEMENTARY NOTES 

Pub l i shed  in  Army Science  c o n f e r e n c e  P r o c e e d i n g s ,  Volume II (AD-AO56437), 
pp .  267-281, 20-22 Jun  78, U. S. Mil i tary Academy,  West Point ,  NY. 

19. KEY WORDS (Continue on reverse aide i f  necessary  ~md identify by block number) 

Swine Computer  Simulat ion 
Skin Thermal  ( ly)  Pro tec t ive  Clothing 
B u r n s  Fl ight  Suits  
Simulated Pos t c r a sh  F i res  Heat T r a n s f e r  
Mathematical  Models 

20. ABSTRACT (Continue ¢m reverse  a ide i f  nocoeaau'F and tdentlf~ by' b lock  number) 

The d e s i g n  and  se lec t ion  of the rmal  p ro tec t ive  c lo th ing  takes  into account  many  
f ac to r s ,  e . g . ,  a p p e a r a n c e ,  comfort ,  d u r a b i l i t y ,  cos t ,  and the rma l  p ro t ec t i ve  capab i l -  
i ty .  To aid in d e t e r m i n i n g  the  a p p r o p r i a t e  ba l ance  among these  f ac to r s ,  t he r ma l  
p ro tec t ive  capabi l i ty  must  be  m e a s u r e d  in a quan t i t a t ive  and c l in ica l ly  mean ingfu l  
w a y .  To p rov ide  such  a va l id  a s se s smen t  of t he rma l  p ro tec t ive  capab i l i t y ,  two 
mathemat ica l  models  w e r e  d e v e l o p e d t o  p red i c t  sk in  b u r n  damage  b a s e d  on data 

h . . . . . . . . . . . . . .  ( C ° n t i n u e d )  
i in  KIn I i l ip  

F¢~, 14"/3 EOmO, OF , MOV 6 S  ,S OBSOLETE UNCLASSIFIED DO 8 jAN 73 
SEC~JR|TY CLASSIFICATIOI~ OF THIS PAGE ('lR~mn Date Entered) 



U NCLAS SIP'lED 
S E C U R I T Y  C L A S S I F I C A T I O N  O F  T H I S  P A G E ( W h ~  D a t a  Bntered) 

ii ,, , i i 

]0. ABSTRACT (Cont inued)  

d e r i v e d  from 95 domest ic  whi te  p igs  exposed  to s imulated p o s t e r a s h  f i r e s .  The f i rs t  
model ,  a mul t id i sc r imina te  s ta t is t ical  model  d e r i v e d  from exper imen ta l  da ta ,  was used  
to de te rmine  the impor t ance  of many v a r i a b l e s ,  e . g . ,  inc iden t  heat  f lux,  e x p o s u r e  
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model ,  a s sumes  that  t i s sue  damage p r o c e e d s  as a f i rs t  o r d e r  chemica l  reac t ion  de -  
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PREFACE 

The v i v a r i u m  of the United States Army Aeromediea l  R e s e a r c h  Labora to ry  
(USAARL) is fu l ly  a c c r e d i t e d  by  the Amer ican  Associa t ion for Acc red i t a t i on  
of Labora to ry  Animal Care .  

The animals  u s e d  in this  s t u d y  we re  p r o c u r e d ,  ma in ta ined ,  and  u s e d  in 
a cco rdance  with  the  Animal Welfare Act of 1970 and AR 70-18. In c o n d u c t i n g  
the r e s e a r c h  d e s c r i b e d  in this  r e p o r t ,  the i nves t i ga to r s  a d h e r e d  to the  "Guide 
for Labora tory  Animal Faci l i t ies  and Care ," as p romulga ted  by  the Committee 
on the Guide for Labora to ry  Animal R e s o u r c e s ,  National Academy of S c i e n c e s ,  
National R e s e a r c h  Counci l .  

All au thors  w e r e  r e s e a r c h  inves t i ga to r s  at the USAARL d u r i n g  the con-  
due t  of the  expe r imen t s  d e s c r i b e d  h e r e i n .  

Dr .  Knox is c u r r e n t l y  with  the Depar tment  of Phys io logy  and  B i o p h y s i c s ,  
Louis iana  State Un ive r s i t y  Medical  Center  School of Medic ine ,  S h r e v e p o r t ,  
Louis iana  71130. 

Dr .  Waehtel is c u r r e n t l y  with  the Depar tment  of S u r g e r y ,  U n i v e r s i t y  of 
Cal i forn ia ,  San Diego,  School of Medic ine ,  San Diego,  Cal i fornia  92103. 

Dr .  Stanley C. Knapp is c u r r e n t l y  the Commander  of the United States 
Army Aeromediea l  R e s e a r c h  Labora to ry ,  Fort  R u e k e r ,  Alabama 36362. 
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SUMMARY 

The des ign  and  se lec t ion  of the rmal  p ro tec t ive  c lo th ing  takes  into ac-  
count  many f ac to r s ,  e . g . ,  a p p e a r a n c e ,  comfort ,  d u r a b i l i t y ,  cos t ,  and 
the rmal  p ro tec t ive  capab i l i ty .  To aid in d e t e r m i n i n g  the app rop r i a t e  ba l -  
ance  among these  f ac to r s ,  the rmal  p ro tec t ive  capabi l i ty  must  be  m e a s u r e d  
in  a quant i ta t ive  and c l in ica l ly  meaningfu l  w a y .  To p rov ide  such  a va l id  
a s se s smen t  of t he rma l  p ro tec t ive  capab i l i ty ,  two mathemat ica l  models  w e r e  
deve loped  to p r ed i c t  sk in  b u r n  damage based  on data d e r i v e d  from 95 
domest ic  white  p igs  exposed  to s imulated p o s t c r a s h  f i r e s .  The f i rs t  model ,  
a mul t id i sc r imina te  s ta t is t ical  model d e r i v e d  from expe r imen ta l  data ,  was  
u s e d  to de t e rmine  the impor tance  of many v a r i a b l e s ,  e . g . ,  inc iden t  heat  
f lux ,  e x p o s u r e  t ime ,  in i t ia l  sk in  t e m p e r a t u r e ,  and color  of the sk in .  The 
second ,  an ana ly t ica l  model ,  a s sumes  that  t i s sue  damage p r o c e e d s  as a 
f i r s t  o r d e r  chemica l  r eac t ion  d e p e n d e n t  on t i s sue  t e m p e r a t u r e ,  and  that  
total damage  is mere ly  the time in t eg ra l  of t i s sue  damage  d u r i n g  hea t ing  
and  coo l ing .  It also takes  into account  t i s sue  wa te r  bo i l ing  and the rma l  
s h r i n k a g e  w h i c h  a l ter  b u r n  dep th  in more s eve re  b u r n s .  The p r e d i c t e d  
b u r n  dep ths  from m e a s u r e m e n t s  of t he rma l  e n e r g y  t r a n s f e r  t h r o u g h  or 
emana t ing  from b u r n i n g  fabr ics  when  combined  with  b u r n  a r e a ,  age ,  and 
sex y i e ld  p r e d i c t e d  s u r v i v a b i l i t y .  P red ic t ions  of changes  in su rv ivab i l i t y  
allow ra t iona l  j u d g m e n t s  to be  made r e g a r d i n g  the e f fec t iveness  of imple-  
men t ing  p roposed  f l ight  suit  c lo th ing  fabr ic  and d e s i g n  c h a n g e s .  

P r o g r e s s  t oward  supp l an t i ng  the USAARL b ioas say  method for the rmal  
fabr ic  eva lua t ion  b y  l abo ra to ry  methods invo lv ing  heat  s e n s o r s  and a 
mathematical  model  is  e n c o u r a g i n g .  Implementat ion wil l  r e q u i r e  minor  
c h a n g e s  in the ana ly t ica l  model ,  BRNSIM, to make its output  conform more  
c lose ly  to o b s e r v e d  t i s sue  t e m p e r a t u r e s  and wil l  r e q u i r e  the addi t ion  of a 
rou t ine  to conve r t  s enso r  t e m p e r a t u r e s  to heat  f lux.  Cons ide ra t ion  of 
s u r v i v a b i l i t y  wil l  r e q u i r e  more p r e c i s e  c l in ica l  data r e l a t i ng  b u r n  dep th  
to c l in ica l  outcome.  

APPROVED: 
S T A ~ E Y  C. ~NAPP ~k~ - 
Colonel ,  MC 
Commanding 
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INTRODUCTION 

Fi re  is an e v e r  p r e s e n t  d a n g e r  in the modern  aviat ion e n v i r o n m e n t .  
Recent  in t roduc t ion  of e r a s h w o r t h y  fuel sys tems  in U .  S. Army  he l i cop te r s  
has  d ramat i ca l ly  l owered  p o s t e r a s h  f i re  i n d u e e d  morta l i ty  and  morb id i ty ,  i 
Howeve r ,  c u r r e n t  po l icy  s tates  that  pi lots  and a i r c r e w  member s  wil l  w e a r  
f l ight  c lo th ing  w h i e h  is d e s i g n e d  to p r o v i d e  some pro tec t ion  from the heat  
of s u c h  a f i r e .  Gene ra l l y ,  th is  c lo th ing  is c o n s t r u c t e d  of f ab r i c s  w h i c h  ex-"  
hibi t  a h igh  d e g r e e  of the rmal  s tabi l i ty  (nonf l ammable ) .  

P rope r  eva lua t ion  of nonf lammable  fabr ics  r e q u i r e s  that  t h e i r  p ro tee t ive  
capabi l i ty  be  a s s e s s e d  in a c l in ica l ly  meaningfu l  way .  A b ioas say  method ,  
u s i n g  p igs  as human sk in  ana logs ,  was deve loped  to d i r e c t l y  m e a s u r e  b u r n  
damage .  ~ This  method p r o v e d  useful  in eva lua t ing  the rmal  p ro tec t ive  
u n d e r w e a r ,  ~ four  f l ight  suit  f a b r i c s ,  3 and  the effect of dye  depos i t ion  on 
sk in .4  The method g ives  an endpo in t ,  b u r n  dep th ,  wh ich  is accep tab le  to 
c l in ie ians  and fabr ic  e n g i n e e r s  a l ike .  Howeve r ,  it is too eos t ly  and  c u m b e r -  
some for rou t ine  fabr ic  s c r e e n i n g .  The Thermal  Ana lys i s  Pro jee t  has  t h r e e  
p r i m a r y  objec t ives :  1) Use the b ioassay  t e chn ique  to col leet  a l a r g e  data  
base  r e l a t i n g  heat  flux and  e x p o s u r e  time to b u r n  depth;  2) P rov ide  a 
co r re l a t ion  be tween  the output  of some phys i ca l  heat  s e n s o r s  and the b u r n s  
r e s u l t i n g  from e x p o s u r e  of p igs  to ident ica l  f i res ;  and 3) Develop mathe-  
matieal  models  capable  of t ak ing  the heat  flux measu remen t s  p r o v i d e d  by  
the s e n s o r s  and  ca lcu la t ing  a c c u r a t e l y  and eons i s t en t ly  the b u r n s  w h i e h  
would  be expec t ed .  

The eol leet ion of the data base  is d i s c u s s e d  in more deta i l  e l s e w h e r e ,  s 
The co r re l a t ion  be tween  the s e n s o r s  and sk in  has  not ye t  been  es tab l i shed ;  
a l t hough  the informat ion r e s i d e s  wi th in  the eol lec ted  da ta .  This  pape r  d i s -  
c u s s e s  the p r o g r e s s  to date  in meet ing  the t h i rd  objec t ive  and a poss ib le  
ex tens ion  u s i n g  c l in ieal  data  to a r r i v e  at p ro j ec t ed  s u r v i v a b i l i t y .  

METHODS 

As p r e v i o u s l y  d e s c r i b e d , S  anes the t i zed  domest ic  whi te  p igs  (as human  
sk in  ana logs)  w e r e  sub jec ted  to heat  from a JP-4  fueled f u r n a e e  ad jus t ed  to 
s imulate the  heat  f lux,  r ad ia t ion ,  and  the rmochemica l  env i ronmen t  of 
" typical"  JP-4  fueled pos t e r a sh  f i r e s .  Exposu re  t imes from 0.55 to 14.29 
seeonds  and  heat  f luxes  of 0.7 to 3.92 ca l /cm2-sec  w e r e  u s e d .  Some p igs  
w e r e  p ro t ec t ed  by  f ab r i e s .  ~ In add i t ion ,  two s e n s o r s ,  a Fab r i c  R e s e a r c h  



L a b s  s k i n  s i m u l a n t  a n d  an  Ai r  F o r c e  " t h e r m o m a n " *  h e a t  s e n s o r ,  w e r e  s u b -  
j e c t e d  to s i m i l a r  f i r e s ,  b o t h  b a r e  a n d  p r o t e c t e d  b y  t h e  s a m e  s t a n d a r d  f a b r i c s .  
T h e  r e s u l t i n g  b u r n s  w e r e  p h o t o g r a p h e d ,  g r a d e d  u s i n g  a c l i n i c a l  s ca l e  of  
1 to  16,  b i o p s i e d ,  a n d  g r a d e d  o n  a m i c r o  s c a l e  of 1 to 10. D e p t h  m e a s u r e -  
m e n t s  fo r  (a) n o r m a l  e p i d e r m i s ,  (b)  n o r m a l  d e r m i s ,  (c)  b u r n  d e p t h  f rom 
d e r m a l / f a t  b o r d e r  u p  to m a x i m a l  e x t e n t  of t h e  b u r n ,  (d)  d e r m i s  at  b u r n  
s i t e ,  a n d  (e)  to ta l  d e p t h  at b u r n  s i t e  w e r e  m a d e .  C o r r e c t e d  b u r n  d e p t h  
w a s  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  r e l a t i o n s h i p :  (a+b) - c ( ( a + b ) / e ) .  

A c o m p u t e r i z e d  d a t a  b a s e  w a s  d e v e l o p e d  to m a n a g e  t h e  d a t a  f rom t h e s e  
e x p e r i m e n t s .  Fo r  e a c h  b u r n  s i t e ,  t h e  f o l l o w i n g  i t e m s  a r e  r e c o r d e d :  P i g  #, 
s i t e  #, s m o k e ,  t e m p l a t e  t y p e ,  e x p o s u r e  t i m e ,  h e a t  f l u x  f u r n a c e  w a l l  t e m -  
p e r a t u r e ,  i n i t i a l  p i g s k i n  t e m p e r a t u r e ,  f a b r i c ,  s k i n  c o n d i t i o n  ( n a t u r a l  o r  
b l a c k e n e d ) ,  c l i n i c a l  g r o s s  g r a d e ,  m i c r o  g r a d e ,  e p i d e r m a l  t h i c k n e s s ,  d e r m a l  
t h i c k n e s s ,  b u r n  d e p t h  ( e p i d e r m a l / d e r m a l  b o r d e r  to b u r n ) ,  l e n g t h  of h a i r ,  
d a t e ,  t i m e ,  g r a d e s  f rom a s e c o n d  r e a d i n g  of  t h e  b i o p s y  s p e c i m e n s - ~ - m i c r o  
g r a d e ,  n o r m a l  e p i d e r m i s ,  n o r m a l  d e r m i s ,  b u r n  d e p t h ,  d e r m a l  d e p t h  at  b u r n  
s i t e ,  t o t a l  s k i n  d e p t h  at b u r n  s i t e ,  c o r r e c t e d  b u r n  d e p t h ,  c o m p u t e r  c a l c u -  
l a t e d  f l u x ,  c o m p u t e r  c a l c u l a t e d  e x p o s u r e  t i m e ,  a n d  d a t a  q u a l i t y  n u m b e r .  

In  a l l ,  t h e r e  a r e  45 ,752  e n t r i e s  fo r  1 ,634  e x p o s u r e s  f rom 75 p i g s  i n  t h e  
d a t a  b a s e .  T h e  d a t a  c a n  b e  r e t r i e v e d  v i a  an  i n t e r a c t i v e  a c c e s s  p r o g r a m  
(PIGBOOK).  A l so  a v a i l a b l e  a r e  Other  d a t a  f i l e s  for  f u r n a c e  w a l l  t e m p e r a -  
t u r e s ,  h e a t  f l u x e s ,  s e n s o r  r e s p o n s e s ,  a n d  i n t r a s k i n  t h e r m o c o u p l e  r e s p o n s e s  
w h i c h  w e r e  r e c o r d e d  on  FM m a g n e t i c  t a p e  a n d  l a t e r  d i g i t i z e d  at 100 s a m p l e s  
p e r  s e c o n d  a n d  s t o r e d  o n  d i g i t a l  m a g n e t i c  t a p e .  Of f - l i ne  h a r d  c o p y  r e c o r d s  
i n c l u d e  a m b i e n t  t e m p e r a t u r e  a n d  h u m i d i t y ,  p i g  w e i g h t ,  s e x ,  a n d  d a t a  o n  
s k i n  c o o l i n g  a n d  w a t e r  c o n t e n t .  

T h e  two m o d e l s  d i s c u s s e d  b e l o w  w e r e  p r o g r a m m e d  i n  FORTRAN a n d  
r u n  on  a DEC PDP 11/40 m i n i c o m p u t e r .  P r e l i m i n a r y  d e v e l o p m e n t  of t h e  
a n a l y t i c a l  m o d e l  w a s  c a r r i e d  ou t  o n  an  IBM 370.6 

E m p i r i c a l  Model  D e v e l o p m e n t  

T h e r e  a r e  m a n y  t h i n g s  no t  k n o w n  a b o u t  t h e  p r o c e s s  of  b u r n  c r e a t i o n  in  
a p o s t c r a s h  f i r e .  F o r  e x a m p l e ,  d e t a i l s  r e g a r d i n g  h e a t  t r a n s f e r  to a n d  t h r o u g h  
f a b r i c  to  s k i n  a r e  l a c k i n g .  T h u s ,  it  i s  no t  p o s s i b l e  to s p e c i f y  a p r i o r i  t h e  

* " T h e r m o m a n "  i s  an  i n s t r u m e n t e d  m a n i k i n  d e v e l o p e d  fo r  U.  S .  A i r  
F o r c e  b y  A e r o t h e r m  D i v i s i o n  of  A c u r e x  C o r p o r a t i o n . 7  



c o u p l i n g  m e c h a n i s m s  b e t w e e n  the  f i r e  and  st}in w i t h o u t  f u r t h e r  d e t a i l e d  
s t u d y .  T h e  f i r s t  a p p r o a c h ,  t h e r e f o r e ,  was  to plot  the  da t a  so tha t  some  of 
the  m a n y  p o s s i b l e  r e l a t i o n s h i p s  a m o n g  the  v a r i a b l e s  in the  b u r n  da t a  b a s e  
cou ld  be  v i s u a l i z e d .  T h e s e  a r e  s h o w n  in F i g u r e s  1 a n d  2. 
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TOTAL FLUX VS. CORRECTED BURN DEPTH 
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FIGURE 2 

Notice the nonlinearity of the gross burn grades as they relate to total 
flux (cal/cm 2) . Not only is this relationship nonlinear, but there is a dis- 
turbing scatter to the data. The scatter is best exemplified by Figure 2 
in which burn depth seemed to be only generally related to total flux until 
the data points were identified with an exposure time. Then the data began 
to cluster although the scatter is still great. Identification of the processes 
producing this scatter is a prerequisite to satisfactory modeling. One 
approach to this problem is to enter the data into a general modeling system 
and question those observations which do not closely match the model's 
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p r e d i c t i o n s .  The a b e r r e n t  obse rva t ions  can then be examined ,  any  e r r o n e o u s  
data  c o r r e c t e d ,  or  the obse rva t ion  can be de le ted  from the data  se t .  The u p -  
da ted  set of data can then  be r e e n t e r e d  into the model ,  or  ano the r  one ,  to 
f u r t h e r  inves t iga te  r e l evan t  r e l a t i o n s h i p s .  

This  i t e ra t ive  p r o c e d u r e  can be done wi th in  a f r amework  of a mul t ip le  
r e g r e s s i o n  model .  The problem with this  p r o c e d u r e  is that  most r ou t ine s  
ava i lab le  assume c o n t i n u o u s ,  l i nea r  v a r i a b l e s - - a n  assumpt ion  wh ich  is 
obv ious ly  not met wi th  the b u r n  g r a d e  v a r i a b l e .  This  model ,  h o w e v e r ,  
might  be  sui table  for ana lys i s  by  b u r n  dep ths .  

A multiple discriminant model makes no assumptions about linearity 
of variables. It starts with groups and develops vectors which give maxi- 
mum discrimination among the different groups. These vectors then can be 
applied to the original observations to determine how well each matches the 
function's prediction as to group membership. Those observations which 
are not classified into their proper group may be examined for aberrant 
values on one or more of the predictor variables. An example of this type 
of process follows. 

Observa t ions  wi th  qual i ty  r a n k i n g s  of t h r e e  or  h i g h e r  w e r e  se l ec ted  
from the data  set  in a s c e n d i n g  o r d e r  of g ros s  b u r n  g r a d e .  P r ed i c to r  v a r i -  
ables  of t ime,  f lux ,  wall  t e m p e r a t u r e ,  sk in  t e m p e r a t u r e ,  sk in  condi t ion ,  
and time flux w e r e  ex t rac ted  and ca lcu la t ed .  This  set  was  u sed  in a d i s -  
c r iminan t  ana ly s i s  wi th  five g roups :  g ros s  g r a d e s  1-4 (no de rmal  or  ep i -  
de rmal  b u r n ) ,  g ros s  g r a d e s  5-7 ( t r ansep ide rma l  b u r n s ) ,  g ross  g r a d e s  
8-10 (par t ia l  de rmal  b u r n ) ,  g ross  g r a d e s  11-12 (mid - th i cknes s  de rma l  
b u r n s ) ,  and  g ross  g r a d e s  13-16 (full t h i c k n e s s  dermal  b u r n s  and ad ipose  
t i s sue  b u r n s ) .  

Seve ra l  comments  on the r e su l t  of the ana lys i s  a re  in o r d e r .  The 
Maha]anobis D 2 c a n  be used  as an index  of the d e g r e e  of sepa ra t ion  of the 
cen t ro id s  of the g r o u p s .  It is equ iva len t  to C h i - s q u a r e  with  n u m b e r  of 
v a r i a b l e s  t imes (number  of g roups  - 1) d e g r e e s  of f reedom,  or  in th is  e a s e ,  
24 d e g r e e s  of f reedom.  For this  ana lys i s  the va lue  of 1,261 is h i g h l y  s ig -  
nif icant  (See Table 1, page  6) .  

The ana lys i s  of c lass i f ica t ion  g i v e s ,  for each o b s e r v a t i o n ,  the p r e d i c t e d  
g roup  membersh ip  and  the p robab i l i ty  of that obse rva t ion  b e l o n g i n g  to that  
g r o u p .  In this  c a s e ,  wi th  five c lass i f ica t ion  g r o u p s ,  a r andom as s ignmen t  
would  give a p robab i l i t y  of 0.2.  
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TABLE 1 

DISCRIMINANT ANALYSIS F O R  GROSS BURN GRADE 

DISCRIMINANT ANALYSIS . . . GROSS BURN GRADE 
S a m p l e  S i z e s  . . . G r o u p  

NUMBER OF GROUPS - 5 1 25 
2 34 

NUMBER O F V A R I A B L E S  - 6 3 81 
4 121 
5 143 

GROUP SKIN 
MEANS TIME FLUX WALL T .  T . * F .  SKIN T .  COLOR 

0 . 8 8 7  1 . 0 1 2  1 1 2 8 . 9 6 0  

1 . 5 9 9  2 . 0 1 4  1 4 7 6 . 1 7 7  

3 . 6 5 0  2 . 0 8 3  1 6 2 7 . 3 5 8  

4 . 0 2 5  2 . 4 7 6  1 7 3 4 . 7 7 7  

0 . 9 0 8  9 0 . 1 6 0  0 . 4 4 0  

2 . 5 0 9  8 9 . 6 2 1  0 . 4 1 2  

5 . 5 7 1  8 9 . 3 1 9  0 . 1 9 6  

8 . 5 9 1  9 1 . 9 5 5  0 . 1 6 5  

6 . 0 8 5  2 . 7 0 9  1 8 4 2 . 1 6 1  1 5 . 2 6 2  8 9 . 7 2 6  0 . 1 3 3  

GENERALIZED MAHALANOBIS D - S Q U A R E  1 2 6 1 . 2 1 2 6 5  
O~ 

DISCRIMINANT FUNCTION 1 

CONSTANT * COEFFICIENTS 

- 3 4 7 . 6 9 1  * 0 . 0 8 2  - 6 1 . 8 5 1  0 . 1 8 9  1 . 6 3 4  5 . 9 5 2  1 6 . 2 5 8  

DISCRIMINANT FUNCTION 2 

CONSTANT * COEFFICIENTS 

- 3 5 4 . 1 3 8  * 2 . 2 3 0  - 5 3 . 6 2 7  0 . 1 8 6  0 . 8 1 6  5 . 9 2 0  1 5 . 2 4 1  

DISCRIMINANT FUNCTION 3 

CONSTANT * COEFFICIENTS 

- 3 8 1 . 9 5 5  * 3 . 0 4 6  - 5 5 . 3 5 3  0 . 1 9 6  0 . 6 8 8  6 . 0 7 4  1 4 . 3 7 2  

DISCRIMINANT FUNCTION 4 

CONSTANT * COEFFICIENTS 

- 4 0 0 . 9 0 5  * 2 . 7 9 7  - 5 4 . 8 0 1  0 . 1 9 7  1 . 0 7 3  6 . 2 3 6  1 4 . 2 6 2  

DISCRIMINANT FUNCTION 5 

CONSTANT * COEFFICIENTS 

- 4 0 9 . 6 5 2  * 2 . 2 5 7  - 5 5 . 4 5 3  0 . 1 9 3  1 . 7 8 3  6 . 2 5 5  1 4 . 3 9 5  

EVALUATION OF CLASSIFICATION FUNCTIONS 
F O R  EACH OBSERVATION 

PROBABILITY ASSOCIATED WITH LARGEST 
OBSERVATION LARGEST DISCRIMINANT FUNCTION FUNCTION NO. 

G r o u p  1 
1 0 . 9 9 1  1 
2 0 . 9 9 2  1 

23 0 . 6 8 4  3 
24 0 . 9 4 2  1 
25 0 . 9 4 5  1 

G r q u p  2 
1 0 . 9 2 7  1 
2 0 . 8 4 9  1 

33 0 . 6 8 1  3 
34 0 . 6 7 7  3 

G r o u p  3 
1 0 . 4 4 0  2 
2 0 . 4 5 7  2 

80 0 . 6 9 9  3 
81 0 . 5 6 9  3 

G r o u p  4 
1 0 , 7 0 5  4 
2 0 . 6 8 5  4 

120 0 . 5 3 3  3 
121 0 . 5 9 0  5 

G r o u p  .5. 
1 
2 

0 , 5 9 5  4 
0 . 5 6 5  4 

142 0 . 9 8 1  5 
143 0 . 9 9 1  5 



U se  of  t h e  c l a s s i f i c a t i o n  a n a l y s i s  c a n  b e  s e e n  b y  c o n s i d e r i n g  o b s e r v a -  
t i on  23 w i t h i n  g r o u p  1.  It w a s  p r e d i c t e d  to b e l o n g  to g r o u p  3 e v e n  t h o u g h  
it  w a s  a g r o u p  1 o b s e r v a t i o n .  L o o k i n g  b a c k  to t he  l i s t i n g  of  t h e  o b s e r v a t i o n s ,  
it  w a s  s t r i k i n g  t h a t  t h e  f l ux  g i v e n  fo r  t h i s  o b s e r v a t i o n ,  2 . 1 4 ,  w a s  n o t a b l y  
h i g h e r  t h a n  a n y  o t h e r  f l u x  for  m e m b e r s  of  t h i s  g r o u p .  A s u b s e q u e n t  r e v i e w  
of  t h e  l o g b o o k  r e v e a l e d  t ha t  t he  c a l c u l a t e d  v a l u e  fo r  t h e  f l ux  of  t h i s  o b s e r v a -  
t i on  w a s  r e c o r d e d  t h e r e  a s  1 .98  c a l / c m  ~ . A r e p e a t e d  a n a l y s i s  u s i n g  t h i s  
f l u x  v a l u e  w o u l d  l i k e l y  y i e l d  a p r e d i c t e d  g r o u p  2 o r  g r o u p  1 m e m b e r s h i p .  
(A m i g p r e d i c t i o n  of  o n e  g r o u p  s h o u l d  no t  b e  c o n s i d e r e d  b a d  s i n c e  t h e  o b -  
s e r v a t i o n  m a y  l ie  v e r y  c l o s e  to t he  b o u n d a r y  p o i n t . )  Had no  p r e d i c t o r  
a p p e a r e d  q u e s t i o n a b l e ,  a r e v i e w  of t h e  b u r n  g r a d e  m a y  h a v e  i n d i c a t e d  an  
e r r o n e o u s  g r a d e .  

T h i s  e m p i r i c a l  m o d e l  h a s  b e e n  u s e f u l  i n  s c r e e n i n g  t h e  d a t a  fo r  c o n s i s -  
t e n c y  a n d  in  a s s e s s i n g  t h e  i m p o r t a n c e  o f  v a r i o u s  p r e d i c t o r s  ; e . g . ,  t h e  
s t r e n g t h  o f  f l u x ,  s k i n  c o l o r ,  s k i n  t e m p e r a t u r e  a n d  t ime  as  o p p o s e d  to 
f u r n a c e  wa l l  t e m p e r a t u r e  a n d  to ta l  f l u x .  But  it  d o e s  no t  h a v e  t he  m o r e  
u n i v e r s a l  a p p l i c a b i l i t y  o f  a n  a n a l y t i c a l  m o d e l .  

A n a l y t i c a l  Model  D e v e l o p m e n t  

In  c o m m o n  w i t h  p r e v i o u s  a n a l y t i c a l  m o d e l s ,  8 - i  2 18 a l l  o f  w h i c h  w e r e  
b a s e d  o n  r a d i a n t  s k i n  b u r n s  o r  c o n d u c t i v e  (hot  w a t e r )  b u r n s  w h i c h  w e r e  
u s u a l l y  t e r m i n a t e d  at  t h r e s h o l d  b l i s t e r  f o r m a t i o n  ( g r o s s  g r a d e  11, m i c r o  
g r a d e  4 ) ,  t h e  U S A A R L / L S U  Model  c a l c u l a t e s  t i s s u e  t e m p e r a t u r e  f rom h e a t  
f l u x  a n d  a s s u m e s  t h a t  f i r s t  o r d e r  k i n e t i c s  g o v e r n  t h e  r e l a t i o n  b e t w e e n  
t i s s u e  t e m p e r a t u r e  a n d  d a m a g e .  A l t h o u g h  t h r e s h o l d  b l i s t e r  h a s  b e e n  a 
u s e f u l  c r i t e r i o n ,  i t  d o e s  no t  p r e s e n t  n e a r l y  e n o u g h  d a t a  r e g a r d i n g  t h e  r e l a -  
t i v e  p e r f o r m a n c e  of  c o m p e t i n g  f a b r i c s .  

T h e  d a t a  b a s e  d e s c r i b e d  a b o v e  w a s  c o l l e c t e d  i n  o r d e r  to  b e  a b l e  to e x -  
p a n d  t h e  p r e v i o u s  m o d e l s  so t ha t  t h e y  c o u l d  p r e d i c t  b u r n s  of  g r e a t e r  s e v e r -  
i t y .  T h e  f i r s t  m o d e l  to b e  b a s e d  on  t h e s e  d a t a  w a s  p u b l i s h e d  b y  T a k a t a .  i 
M o r s e ,  e t  a l ,  ~ h a v e  e v a l u a t e d  T a k a t a ' s  m o d e l  in  c o n j u n c t i o n  w i t h  t h o s e  of  
Mehta  a n d  Wong,11  H e n r i q u e s  ,8 a n d  Stol l  I 0 18  u s i n g  hot  w a t e r  b u r n - d a t a  
c o l l e c t e d  at  t h e  U n i v e r s i t y  of  R o c h e s t e r  14 as  a c o m m o n  d a t a  b a s e  a n d  f o u n d  
t h a t  T a k a t a ' s  m o d e l  w o r k s  b e s t  fo r  d e r m a l  b u r n s  w h i l e  S t o l l ' s  m o d e l  w o r k s  
b e s t  fo r  e p i d e r m a l  b u r n s .  

In  p l o t t i n g  T a k a t a ' s  c a l c u l a t e d  b u r n  d e p t h s  a g a i n s t  o b s e r v e d  b u r n  d e p t h s ,  
it  w a s  f o u n d  t h a t  h i s  m o d e l  t e n d s  to o v e r  p r e d i c t  d e e p  d e r m a l  b u r n s  c a u s e d  
b y  h i g h  h e a t  f l u x  a n d  l o n g  e x p o s u r e  t i m e s  (See  F i g u r e  3, p a g e  8) .  
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FIGURE 3. Plot of O b s e r v e d  B u r n  Dep ths  and  C a l c u l a t e d  B u r n  
Dep th  V e r s u s  Total  F lux  f rom Taka ta .12  

S e v e r a l  c h a n g e s  h a v e  b e e n  made  to the  da ta  b a s e  s i nce  T a k a t a ' s  e f fo r t .  5 
The  e x p o s u r e  t ime for  e a c h  b u r n  s i te  was  c o r r e c t e d  to t ake  into a c c o u n t  d i f -  
f e r e n c e s  a r i s i n g  f rom s h u t t e r  s y s t e m  d y n a m i c s .  All the  b i o p s y  s p e c i m e n s  
w e r e  r e r e a d  a n d  c o r r e c t e d  b u r n  d e p t h s  c a l c u l a t e d .  T h e s e  c o r r e c t e d  b u r n  
d e p t h s  i n d i c a t e  t ha t  for  e p i d e r m a l  b u r n s  t h e r e  is  v e r y  s l igh t  s h r i n k a g e ,  
fo l lowed  b y  v e r y  s l igh t  s w e l l i n g  due  to e d e m a  for  s u p e r f i c i a l  d e r m a l  b u r n s  
e n d i n g  wi th  m o r e  t h a n  40% s h r i n k a g e  for  mid to d e e p  d e r m a l  b u r n s .  The  



hea t  f lux  m e a s u r e m e n t s  w h i c h  T a k a t a  u s e d  w e r e  h a n d  c a l c u l a t e d  f rom m e a -  
s u r e m e n t s  t a k e n  at one  p e r  s e c o n d  wh i l e  the  p r e s e n t  da t a  b a s e  h a s  hea t  
f l u x e s  c a l c u l a t e d  f rom c a l o r i m e t e r  r e s p o n s e s  d i g i t i z e d  at 100 s a m p l e s  p e r  
s e c o n d .  

To see  if  an  i m p r o v e d  a n a l y t i c a l  mode l  cou ld  be  d e v e l o p e d  to e x p l a i n  
the  c u r r e n t  d a t a ,  a c o m p u t e r  p r o g r a m  was  d e r i v e d  as  fo l lows .  

For  t h e r m a l  e x p o s u r e s  of i n t e r e s t ,  sk in  is  e s s e n t i a l l y  o p a q u e  to t h e r m a l  
r a d i a t i o n  a n d  c a n  be  c o n s i d e r e d  to t r a n s f e r  e n e r g y  i n t e r n a l l y  b y  c o n d u c t i o n  
o n l y ,  s i n c e  e x p o s u r e  d u r a t i o n s  a r e  not  l o n g e r  t h a n  the  min imum r e s p o n s e  
t imes  r e p o r t e d  for  i n c r e a s e d  t h e r m o r e g u l a t o r y  s y s t e m  a c t i v i t y .  15 C o n s e -  
q u e n t l y ,  t h e r m a l  e n e r g y  t r a n s f e r  in  s k i n  can  be  d e s c r i b e d  b y  the  h e a t  c o n -  
d u c t i o n  o r  F o u r i e r  e q u a t i o n .  In r e c t a n g u l a r  c o o r d i n a t e s ,  the  F o u r i e r  e q u a -  
t ion  m a y  be  w r i t t e n  as  fol lows:  

w h e r e ,  

p Cp OT _ 0 (K ~T) + q (I) 
ot  Ox 

p = d e n s i t y ,  g m / c m  z 

Cp = spec i f i c  h e a t ,  c a l / g m - ° C  

K = t h e r m a l  c o n d u c t i v i t y ,  e a l / c m - s e c  °C 

T = T e m p e r a t u r e ,  °C 

x = d i s t a n c e ,  cm 

q = e n e r g y  s o u r c e ,  e a l / c m  a - sec  

S ince  s k i n  is  c o n s i d e r e d  to be  o p a q u e  to r a d i a n t  e n e r g y ,  and  s i n c e  t he  
s o u r c e  t e r m  is  d u e  o n l y  to r a d i a n t  e n e r g y ,  * e q u a t i o n  (1) a p p l i e s  o n l y  to t he  

*A s i m p l i f y i n g  a s s u m p t i o n  b a s e d  on the  p r e d o m i n a n c e  of t h e  r a d i a t e  
mode  of h e a t i n g .  May be  l e s s  v a l i d  wi th  f a b r i c s .  



s u r f a c e  of the  s k i n .  For  al l  c o n d i t i o n s  in  w h i c h  x > 0, e q u a t i o n  (1) r e d u c e s  
to the  fo l lowing:  

P Cp 8T _ 8 (K ST)  
Dt x ~ (2) 

Solu t ion  of e q u a t i o n s  (1) a n d  (2) r e q u i r e s  two b o u n d a r y  c o n d i t i o n s  for  
x ,  p r e f e r a b l y  at x = 0 a n d  x = L, and  in i t ia l  c o n d i t i o n s  at t = 0 for  al l  p o s i t i o n s  
0 <_ X <_ L. If one  a s s u m e s  tha t  t h e r e  is  no b a c k w a r d  f lux  of t h e r m a l  e n e r g y  
at x = 0 (all c o n d u c t i o n  is  in to  the  s k i n ) ,  t h e n  the  e n e r g y  f lux  at x = 0 i s  z e r o  
a n d ,  c o n s e q u e n t l y ,  8 T / 0 X  = 0. S i m i l a r l y ,  i f  the  p r o b l e m  a s s u m e s  t h a t  an  
ad i aba t i c  b a c k w e l l  cond i t i on  p r e v a i l s  at X = L, the  fa t ty  t i s s u e ,  t h e n  the  n e t  
f lux  out  of  t he  s y s t e m  at X = L is 0, o r  DT/DX = 0. T h e s e  two b o u n d a r y  c o n -  
d i t ions  i n d i c a t e  tha t  the  s y s t e m  is c l o s e d  and  tha t  al l  t h e r m a l  e n e r g y  a d d e d  
to t he  s y s t e m ,  0 <_ X <_ L, is d i s t r i b u t e d  w i th in  the  s y s t e m  and  c a n n o t  e s c a p e .  

• In i t ia l  c o n d i t i o n s  a r e  e s t a b l i s h e d  b y  s p e c i f y i n g  a u n i f o r m  t e m p e r a t u r e  
for  al l  l o c a t i o n s ,  0 <_ X <_ L, at t ime ,  t = 0. 

C o n s e q u e n t l y ,  the  s y s t e m  m a y  be  d e f i n e d  b y  the  fo l lowing  m a t h e m a t i c a l  
model :  

P Cp 8T _ D (K a T )  + q @ x =  0 
Dt x Dx 

(3) 

Cp D TT = D (K 8T)  @O<X<L 
P 8t 8x ~)x 

T =To, 0 < X < L , t = 0  Ini t ia l  c o n d i t i o n s  

8T 

~x 
= O, x =  O < t <  x B o u n d a r y  condition I 

8T 

a x  
- 0 ,  x=L,  n < t < ~  Rnund~y conditinn 2 

Solution of Mathematical Model 

An a n a l y t i c a l  so lu t ion  to e q u a t i o n  set  (3) w a s  not  c o n s i d e r e d  f e a s i b l e  
d u e  to t he  v a r i a b l e  n a t u r e  of q ,  Cp and  K; so,  exp l i c i t  d i f f e r e n c i n g  m e t h o d s  
of n u m e r i c a l  a n a l y s i s  w e r e  e m p l o y e d  to so lve  the  e q u a t i o n s .  S e v e r a l  i n -  
v e s t i g a t o r s  w o r k i n g  w i t h  l i n e a r  s y s t e m s  h a v e  found  tha t  the  C r a n k - N i c h o l s o n  

i0 



s ix  p o i n t  i m p l i c i t  d i f f e r e n c i n g  m e t h o d  p r o v i d e d  an  e x c e l l e n t  n u m e r i c a l  s o l u -  
t i o n .  16 F o r  t h e  s o l u t i o n  of  e q u a t i o n  se t  ( 3 ) ,  t he  m a t h e m a t i c a l  m o d e l ,  it  w a s  
d e c i d e d  to a p p l y  t h e  C r a n k - N i c h o l s o n  m e t h o d  to t h e  s e c o n d  o r d e r  p a r t i a l  
d e r i v a t i v e s  a n d  c o r r e s p o n d i n g  e x p l i c i t  m e t h o d s  to t he  f i r s t  o r d e r  p a r t i a l s .  

T h e  i m p l i c i t  d i f f e r e n c i n g  m e t h o d  is  n o t e d  fo r  t h e  c h a r a c t e r i s t i c s  of  
s t a b i l i t y  a n d  c o n v e r g e n c e .  C o r r e c t  i n c r e m e n t  s i z e s  y i e l d  r e l i a b l e  c o n v e r -  
g e n c e .  T h e  m o d e l  w a s  i m p l e m e n t e d  in  FORTRAN u s i n g  s o l u t i o n  t e c h n i q u e s  
o f  T h o m a s  a s  d e s c r i b e d  b y  B r u c e . 1 7  

T h i s  i n i t i a l  m o d e l  w a s  s u b s e q u e n t l y  r e v i s e d  to a l low e n e r g y  f l u x  a c r o s s  
x = 0 d u r i n g  h e a t i n g ,  c o n v e c t i v e  h e a t  l o s s  a t  t he  s k i n  s u r f a c e  d u r i n g  c o o l i n g  
a n d  h e a t  t r a n s f e r  i n to  d e e p  t i s s u e s  i n c l u d i n g  c o n d u c t i o n  in to  fat  a n d  c o n -  
v e c t i v e  c o o l i n g  v i a  t h e  b l o o d .  T h e  m o d e l ,  U S A A R L / L S U  BRNSIM, i s  r u n  
i n t e r a c t i v e l y  w i t h  mos t  v a r i a b l e s  c h a n g e a b l e  for  e a c h  r u n .  

S i n c e  f i r s t  o r d e r  k i n e t i c s  w e r e  a s s u m e d  to a p p l y  in  d a m a g i n g  t i s s u e  
p r o t e i n ,  t i s s u e  t e m p e r a t u r e s ,  T ,  w e r e  c o n v e r t e d  to t i s s u e  d a m a g e  as  fo l lows :  

L. 

damage rate = d~ = pe-AE/RT; 
dt 

ETIME ITIME 

tota l  = f d ~ / d t  + f d~q/dt  
d a m a g e  0 ETIME 

ETIME = e x p o s u r e  t ime  w h e r e  
ITIME = to ta l  t ime  

BRNSIM w a s  m o d i f i e d  to i n c l u d e  c a l c u l a t i o n s  o f  d a m a g e  r a t e  a n d  to ta l  d a m a g e  
s o  t h a t  i t  o u t p u t s  d a m a g e  r a t e ,  dK2/dt ,  for  e a c h  n o d e  at  e a c h  t ime  s t e p ,  to ta l  
d a m a g e ,  g2, fo r  e a c h  n o d e ,  a n d  a t h r e s h o l d  d e p t h ,  w h e r e  ~ = 1. T h r e s h o l d  
d e P t h  i s  i n t e r p o l a t e d  b y  f i t t i n g  t h e  t h r e e  ~ ' s  n e a r e s t  1 to Y = A + B ~n (X) 
a n d  s o l v i n g  fo r  X w h e r e  Y = 1. T a b l e  2 ( p a g e  12) s u m m a r i z e s  t h e  p r e d i c -  
t i o n s  o f  t h i s  m o d e l  a n d  c o m p a r e s  t h e m  w i t h  t he  o b s e r v e d  d e p t h s .  F i g u r e  4 
( p a g e  13) s h o w s  t h e  m o d e l ' s  c a l c u l a t e d  t e m p e r a t u r e  p r o f i l e  a t  200~ a n d  at 
t h e  fat  d e r m a l  b o r d e r  a n d  r e c o r d e d  p r o f i l e s  f rom a p p r o x i m a t e l y  t h e  s a m e  
d e p t h s  i n  p i g s .  

11 
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Pig 

TABLE 2 

COMPARISON OF MODEL PREDICTED AND OBSERVED BURN DEPTHS 

E x p o s u r e  
Time*** 

Sec 

Obse rved***  
Flux Skin Burn  Depth P red i c t ed  

Ca l /cm2.Sec  Temp °C 10-4 cm Depth 

Calculated 
Surface 

Temp °C 
Tmax-T40sec 

Recorded**** 
Temp °C 

Tmax-T40sec 

b~ 

294 LF 

294 LR 

294 RF 

294 RR 

296 LF 

296 LR 

296 RF 

296 RR 

0.98+.01 

0.73_+.01 

3.0 

1.47+.01 

3.07+.01 

0.99±.01 

8.20+.01 

1.51±.01 

3 31 

3 54 

3 54 

3 92 

2 60 

2 68 

2.43 

2.38 

30 257±4 283.6 

31.7 222±8 252.6 

29.4 1465 * 

30.6 1020±303 512.6 

28.1 611±239 653.6 

26.1 72±3 281.4 

27.8 1488+ ** 

26.9 73±14 264.2 

99 .4-39 .0  

76 .7-38 .9  

163.5-58.4  

96 .1-46 .5  

126.5-49.9  

83 .5-33 .5  

173.65-82.053 

77 .9-36 .8  

49 .9 -45 .0  

69 .6-45 .0  

98 .2 -48 .4  

97 .9 -49 .4  

÷ 

**~ 

NODE 10 > 1 Interpolation scheme using nine nodes = 1155.4 

Only one of five biopsies readable 

NODE 10 > > > 1 so no depth calculation possible 

Mean + S.E.M. 

Approximate depths of recording = 200 microns 
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FIGURE 4. T i s s u e  T e m p e r a t u r e  as  a F u n c t i o n  of T ime at Two D i f f e r e n t  
D e p t h s .  O b s e r v e d  t e m p e r a t u r e s  a r e  s h o w n  as  s y m b o l s  c o n n e c t e d  b y  
s t r a i g h t  l i n e s  for  d e p t h s  of a p p r o x i m a t e l y  200 m i c r o n s  ( above )  a n d  
2,000 m i c r o n s  - f a t / d e r m a l  b o r d e r  ( b e l o w ) .  The  o u t p u t  of a c o m p u t e r  
mode l  (sol id  c i r c l e s )  w h i c h  d id  not  t ake  into a c c o u n t  w a t e r  b o i l i n g  or  
t i s s u e  coo l ing  b y  b l o o d .  The  9 ° F of fse t  b e t w e e n  the  l o w e r  two c u r v e s  
is d u e  to assuming" tha t  the  s t a r t i n g  s u r f a c e  t e m p e r a t u r e  and  the  in i -  
t ia l  t e m p e r a t u r e  at a d e p t h  of 2,000 m i c r o n s  a r e  i d e n t i c a l .  
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DISCUSSION 

In t he  f o r e g o i n g  sec t ion  the  co l l ec t ion  of a l a r g e  da ta  b a s e  r e l a t i n g  h e a t  
f l ux  a n d  e x p o s u r e  t ime to the  s e v e r i t y  of sk in  b u r n s  e x p e r i e n c e d  b y  p i g s  
w a s  o u t l i n e d  a n d  the  d e v e l o p m e n t  of  two d i f f e r e n t  mode l s  of the  r e l a t i o n s h i p  
b e t w e e n  t h e r m a l  e n e r g y  and  b u r n  s e v e r i t y  w a s  d e s c r i b e d .  The  m u l t i d i s -  
c r i m i n a t e  mode l  w a s  u s e d  to s c r e e n  the  da ta  b a s e  for  t h o s e  da t a  po in t s  w h i c h  
t e n d e d  to l ie  o u t s i d e  t he  g e n e r a l  p o p u l a t i o n .  T h i s  t e c h n i q u e  has  b e e n  u s e -  
fu l  in  t r a c k i n g  d o w n  e r r o r s  in  c o d i n g .  To d a t e ,  the  e m p i r i c a l  a p p r o a c h  
h a s  not  b e e n  u s e d  to e x p l o r e ,  in  a n y  g r e a t  d e t a i l ,  t he  f u n c t i o n a l  r e l a t i o n -  
s h i p s  w h i c h  a r e  i n d i c a t e d  in  F i g u r e s  1 and  2 ( p a g e s  3 and  4 ) .  T h i s  p a r t  of  
the  s t u d y  h a s  b e e n  d e f e r r e d  un t i l  t he  da ta  b a s e  is  in  i ts  f ina l  fo rm w i t h  
c o d i n g  e r r o r s  e l i m i n a t e d  a n d  e x t r e m e  p o i n t s  f l a g g e d .  H o p e f u l l y ,  t he  s t a -  
t i s t i ca l  mode l  c a n  b e  e x p a n d e d  and  app l i ed  to t he  c o r r e l a t i o n  of t he  o u t p u t  
of t h e  p h y s i c a l  s e n s o r s  w i t h  t he  s k i n  b u r n s  r e s u l t i n g  f rom e x p o s u r e  to t he  
same t h e r m a l  i n p u t .  

The  a n a l y t i c a l  mode l  p r e s e n t e d  h e r e  is  b a s e d  on  the  w o r k  o r i g i n a t e d  b y  
Mori tz  a n d  H e n r i q u e s  8 as  mod i f i ed  a n d  e x t e n d e d  o v e r  the  y e a r s  b y  B u e t t n e r  ,9 
Stoll,10 18 Mehta  a n d  Wong,  21 M o r s e ,  et a l ,  ~ and  T a k a t a J  2 All t h e s e  
m o d e l e r s  a s s u m e d  t h a t  t he  d a m a g e  in a b u r n  r e s u l t s  f rom a l t e r a t i o n s  in  
p r o t e i n  s t r u c t u r e  a n d  tha t  t h e s e  a l t e r a t i o n s  p r o c e e d  a c c o r d i n g  to f i r s t  o r d e r  
k i n e t i c s  w i t h  a t h r e s h o l d  at o r  n e a r  44 ° C (some a u t h o r s  u s e  45 ° C) and  
h i g h  e n e r g i e s  of a c t i v a t i o n .  T h e s e  a u t h o r s  h a v e  b a s e d  t h e i r  m o d e l s  on 
b u r n s  i n d u c e d  in  p i g s ,  r a t s  a n d  h u m a n s  b y  con tac t  w i t h  hot  w a t e r  and  b y  
e x p o s u r e  to r a d i a n t  s o u r c e s  s u c h  as  c a r b o n  a r c  l a m p s .  For  t he  most  p a r t  
t h e s e  da ta  a r e  l imi t ed  to b u r n s  w h i c h  p r e s e n t  a t h r e s h o l d  b l i s t e r  at 24 h o u r s  
o r  l e s s .  

The  o n l y  l a r g e  d a t a  b a s e  a v a i l a b l e  w h i c h  i n c l u d e s  m o r e  s e v e r e  b u r n s  
w a s  c o l l e c t e d  at t he  U n i v e r s i t y  of R o c h e s t e r  in  the  1950's a n d  e a r l y  1960's 
u s i n g  a c a r b o n  a r c  lamp as  a s o u r c e .  13 T h e s e  i n v e s t i g a t o r s  w e r e  i n t e r e s t e d  
in  s t u d y i n g  b u r n s  w h i c h  w o u l d  be  p r o d u c e d  b y  the  f l a s h  f rom atomic  w e a p o n  
d e t o n a t i o n .  S ince  t h e  p r i m a r y  c o n c e r n  h e r e  w a s  t he  t h r e a t  of  a p o s t c r a s h  
f i r e ,  t h e  co l l ec t i on  of a l a r g e  da t a  b a s e  of f lame i n d u c e d  s e v e r e  b u r n s  w a s  
p r e r e q u i s i t e  to t h e  e x t e n s i o n  of  e x i s t i n g  m o d e l s  o r ,  i f  n e e d  b e ,  d e v e l o p m e n t  
of n e w  m o d e l s .  

T h e  c u r r e n t  a n a l y t i c a l  mode l  a s s u m e s  a c o n s t a n t  t e m p e r a t u r e  p r o f i l e  
w i t h i n  s k i n .  The  p o s s i b l e  i n c o r r e c t n e s s  of th i s  is  r e v e a l e d  in  t he  t e m p e r a -  
t u r e  p ro f i l e  r e c o r d e d  at the  f a t / d e r m a l  b o r d e r  and  the  c o m p u t e r  s imu la t i on  
in  F i g u r e  4 (page  13) w h i c h  s h o w s  tha t  t he  in i t i a l  r e c o r d e d  s u r f a c e  t e m p e r a -  
t u r e ,  t h e  one  u s e d  in  t he  s i m u l a t i o n ,  w a s  a p p r o x i m a t e l y  85 ° F w h i l e  t h e  fa t /  
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d e r m a l  b o r d e r  m e a s u r e d  a p p r o x i m a t e l y  95 ° F .  In a n u m b e r  of  r e c o r d i n g s  
a d i s c r e p a n c y ,  w h i l e  no t  t h i s  l a r g e ,  s e e m s  to e x i s t  b e t w e e n  t h e  s u r f a c e  
a n d  d e e p e r  t e m p e r a t u r e s  w i t h i n  t h e  s k i n .  T h e  c u r r e n t  v e r s i o n  of  t h e  m o d e l  
d o e s  n o t  t a k e  t h i s  in to  a c c o u n t  b u t  m e r e i y  a s s u m e s  t h a t  t h e  s u r f a c e  t e m p e r a -  
t u r e  i s  d i s t r i b u t e d  e v e n l y  t h r o u g h o u t  t h e  s k i n  d e p t h .  

T h e  e o n d u c t i v i t y  p r o f i l e  u s e d  in  BRNSIM is  t h a t  u s e d  b y  M o r s e ,  et  a l .  ~ 
T h i s  p r o f i l e  i s  b a s e d  on  t h e i r  e x t e n s i v e  r e v i e w  of t h e  l i t e r a t u r e  a n d  is  a c o m -  
p r o m i s e  a m o n g  m a n y  p o s s i b l e  p r o f i l e s  i n c l u d i n g  a c o n s t a n t  t h e r m a l  c o n d u c -  
t i v i t y  w i t h  d e p t h .  The  p r o d u c t  of  h e a t  c a p a c i t y  a n d  d e n s i t y  i s  c h o s e n  to b e  
1 .0  t h r o u g h o u t  t h e  s k i n  d e p t h  e x c e p t  in  t h e  fat  w h e r e  i t  is  0 . 5 .  T h e s e  f i g u r e s  
w e r e  a l s o  a d o p t e d  f r o m  M o r s e ,  et  a l .  7 T h e  w o r k i n g  v a l u e s  fo r  t h e  coe f f i -  
c i e n t s  a n d  e x p o n e n t s  in  t h e  d a m a g e  e q u a t i o n  h a v e  b e e n  t h o s e  of  T a k a t a ,  ~ i 
b u t  b e c a u s e  of  t h e  i n t e r a c t i v e  n a t u r e  of  t h e  p r o g r a m  t h e y  c a n  b e  se t  e q u a l  
to a n y  v a l u e  i n c l u d i n g  t h o s e  p r e v i o u s l y  r e p o r t e d  b y  o t h e r  a u t h o r s .  

AS c a n  b e  s e e n  in  T a b l e  2 ( p a g e  12) ,  for  c e r t a i n  e x p o s u r e s ;  e . g . ,  p i g  
n u m b e r  294 LF,  t h e  p r e d i c t i o n s  of  t h e  m o d e l  a r e  r e a s o n a b l y  a c c u r a t e .  F o r  
e x p o s u r e s  o f  l o n g e r  d u r a t i o n  a n d  h i g h  h e a t  f l u x ,  fo r  e x a m p l e  p i g  294 RF o r  
296 R F ,  t h e  m o d e l  fa i l s  to c a l c u l a t e  an  e x p e r i m e n t a l  d e p t h  b e c a u s e  t h e  to ta l  
d a m a g e  at  t h e  d e e p e s t  n o d e  is  g r e a t e r  t h a n  1. T h i s  p r o b l e m  is  c l a r i f i e d  b y  
r e f e r r i n g  b a c k  to t h e  t ime  t e m p e r a t u r e  p r o f i l e ,  F i g u r e  4 ( p a g e  13) ,  i n  w h i c h  
t h e  r e e o r d e d  s k i n  t e m p e r a t u r e s  a r e  s e e n  no t  to e x c e e d  t h e  b o i l i n g  t e m p e r a -  
t u r e  of  w a t e r ;  w h i l e  t h e  c o m p u t e r  s i m u l a t i o n  i s  s e e n  to o v e r s h o o t  t h i s  t e m -  
p e r a t u r e .  T h e  c a l c u l a t e d  p e a k  s u r f a c e  t e m p e r a t u r e  for  p i g  296 R F ,  T a b l e  
2 ( p a g e  12) ,  i s  173 .65  ° C,  a n d  t h e  f ina l  t e m p e r a t u r e  at  40 s e c o n d s  p o s t b u r n  
is  s t i l l  8 1 . 6  ° C.  C l e a r l y ,  t h e  p e a k  t e m p e r a t u r e  i s  too  h i g h  b e c a u s e  t h i s  
v e r s i o n  of  t h e  m o d e l  f a i l e d  to t a k e  in to  a c c o u n t  t h e  w a t e r  b o i l i n g  fo r  t h e s e  
h o t t e r ,  l o n g e r  e x p o s u r e s .  M o r e o v e r ,  t h e  c a l c u l a t e d  c o o l i n g  p h a s e  of t h e  
t i s s u e  f a i l ed  to  fo l low t h e  a c t u a l  c o o l i n g  of  t h e  t i s s u e  i n d i c a t i n g  t h a t  t h e  h e a t  
t r a p p e d  in  t h e  t i s s u e  t e n d e d  to r e m a i n  in  t h e  m o d e l  w h i l e  t h e  h e a t  i n  t h e  r e a l  
t i s s u e  w a s  c o n d u c t e d  d e e p e r  i n to  t h e  fat  a n d / o r  w a s  p u l l e d  a w a y  b y  t h e  
c i r c u l a t i o n .  

It is  c l e a r  t h e n  t h a t  s e v e r a l  c h a n g e s  a r e  r e q u i r e d  to m a k e  t h i s  p r e l i m -  
i n a r y  v e r s i o n  of  BRNSIM c o n f o r m  to t h e  p h y s i o l o g i c a l  s i t u a t i o n .  F i r s t ,  an  
a l g o r i t h m  to a c c o u n t  fo r  t i s s u e  w a t e r  b o i l i n g  i s  r e q u i r e d  so  t h a t  t h e  t i s s u e  
t e m p e r a t u r e  d o e s  no t  e x c e e d  t ha t  of  b o i l i n g  w a t e r  u n t i l  t h e  e n e r g y  u t i l i z e d  
in  c o n v e r t i n g  t i s s u e  w a t e r  to s t e am h a s  b e e n  a c c o u n t e d  f o r .  T h i s  w i l l  c o n -  
t r o l  p e a k  t e m p e r a t u r e  b u t  no t  h e a t  l o s s .  S e c o n d l y ,  t h e  l o s s  of  h e a t  to d e e p  
s t r u c t u r e s  a n d  to t h e  c i r c u l a t i o n  m u s t  b e  a d j u s t e d .  Loss  of  h e a t  to t h e  c i r -  
c u l a t i o n  i s  c o m p l i c a t e d  b y  t h e  fact  t ha t  i n  t h e  m o r e  s e v e r e  b u r n s  t h e  c i r c u l a -  
t i on  i s  c o m p r o m i s e d  b y  t h e  t h e r m a l  c o a g u l a t i o n  of  b l o o d  c o m p o n e n t s  r e s u l t i n g  
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i n  t h e  t y p i c a l  p i c t u r e  of v e n o -  a n d  a r t e r i o s t a s i s  s e e n  in  c l i n i c a l  s i t u a t i o n s .  
L a s t l y ,  i t  w i l l  b e  i m p o r t a n t  to e x p r e s s  o b s e r v e d  b u r n  d e p t h s  as  c o r r e c t e d  
b u r n  d e p t h s  f o r  t h e  m o r e  s e v e r e  b u r n s  in  o r d e r  to a c c o u n t  for  t h e  e x t r e m e  
t h e r m a l  s h r i n k a g e  s e e n  in  t h e s e  m o r e  s e v e r e  b u r n s .  F o r  i n s t a n c e ,  h a d  
T a k a t a  12 u s e d  c o r r e c t e d  d e p t h s  ( w h i c h  w e r e  u n a v a i l a b l e  at  t h e  t i m e ) ,  h i s  
m o d e l  w o u l d  n o t  h a v e  o v e r  p r e d i c t e d  s e v e r e  b u r n s  n e a r l y  so m u c h .  

In t h i s  r e g a r d ,  i t  s h o u l d  b e  n o t e d  t h a t  t h e  v a l u e s  r e p o r t e d  fo r  v e r y  d e e p  
b u r n s ,  s u c h  a s  e x p e r i e n c e d  in  p i g  296 RF w h e r e  t h e r e  a r e  f o u r  m i s s i n g  
v a l u e s ,  a r e  b i a s e d  t o w a r d  s h a l l o w  b u r n  d e p t h s  b y  t he  d i f f i c u l t y  i n  s e c t i o n -  
i n g  s e v e r e l y  b u r n e d  s k i n .  The  d a t a  f rom t h e s e  m o s t  s e v e r e  b u r n s  w i l l  r e -  
q u i r e  f u r t h e r  a n a l y s i s  in  o r d e r  to d e t e r m i n e  w h a t  t he  a p p r o p r i a t e  d e p t h s  
r e a l l y  a r e .  

So f a r ,  t h e  p r o g r e s s  i n  f o r m u l a t i n g  an  a n a l y t i c a l  m o d e l  w h i c h  a d e q u a t e l y  
p r e d i c t s  s e v e r e  t h e r m a l  i n j u r y  h a s  b e e n  e n c o u r a g i n g  a n d  l e a d s  to s p e c u l a -  
t i on  a b o u t  p o s s i b l e  u s e s  of s u c h  a m o d e l  in  e v a l u a t i n g  t h e r m a l  p r o t e c t i v e  
f a b r i c s .  F a b r i c s  e x p o s e d  to a s i m u l a t e d  p o s t c r a s h  f i r e  c a n  b e  e v a l u a t e d  for  
t h e i r  h e a t  t r a n s f e r  p r o p e r t i e s  u s i n g  h e a t  s e n s o r s  a n d  t h e  t r a n s f e r r e d  h e a t  
c a n  in  t u r n  b e  e v a l u a t e d  in  t e r m s  of  i t s  p o t e n t i a l  for  c r e a t i n g  b u r n s  u s i n g  
t h e  o p t i m i z e d  v e r s i o n  BRNSIM. T h e  f ina l  s t e p  w o u l d  b e  t h e  r e l a t i o n  of t h e  
c a l c u l a t e d  b u r n  d e p t h s  a n d  an  a s s u m e d  b u r n e d  a r e a ,  o r  a m e a s u r e d  b u r n  a r e a  
f r o m  i n s t r u m e n t e d  m a n i k i n s ,  to  s u r v i v a b i l i t y  of  p a t i e n t s  at  v a r i o u s  a g e s  a n d  
s e x e s .  

As  a n  e x a m p l e ,  c o n s i d e r  a h y p o t h e t i c a l  c a s e  i n  w h i c h  f a b r i c  A g i v e s  a 
c a l c u l a t e d  b u r n  d e p t h  of  2000~ (ful l  t h i c k n e s s  b u r n )  a n d  f a b r i c  B a d e p t h  o f  
1500p.  If a c o n s t a n t  a r e a  of  b u r n ,  30%, i s  a s s u m e d  a n d  t h e  p i lo t  i s  l e s s  t h a n  
34 y e a r s  o l d ,  t h e n  h i s  s u r v i v a b i l i t y  m i g h t  b e  94% for  f a b r i c  B b u t  o n l y  71% for  
f a b r i c  A.  19 On t h e  o t h e r  h a n d ,  if  A w e r e  1900~ t h e n  g i v e n  t h e  a c c u r a c y  of 
a v a i l a b l e  c l i n i c a l  i n f o r m a t i o n ,  t h e r e  w o u l d  b e  no  d i f f e r e n c e  in  s u r v i v a b i l i t y .  
T h i s  e x a m p l e  p o i n t s  t he  w a y  t o w a r d  a m e t h o d  of  q u a n t i f y i n g  t h e  i m p o r t a n c e  
of  i m p r o v e m e n t s  in  p r o t e c t i o n .  Bu t  to  b e  r e a l l y  u s e f u l ,  i t  wi l l  r e q u i r e  a 
s o m e w h a t  b e t t e r  m o d e l  a n d  m o r e  p r e c i s e  c l i n i c a l  i n f o r m a t i o n  r e g a r d i n g  t h e  
r e l a t i o n s h i p  b e t w e e n  b u r n  d e p t h  a n d  s u r v i v a b i l i t y .  

CONCLUSION 

P r o g r e s s  t o w a r d  s u p p l a n t i n g  t h e  USAARL b i o a s s a y  m e t h o d  for  t h e r m a l  
f a b r i c  e v a l u a t i o n  b y  l a b o r a t o r y  m e t h o d s  i n v o l v i n g  h e a t  s e n s o r s  a n d  a m a t h e -  
m a t i c a l  m o d e l  i s  e n c o u r a g i n g .  I m p l e m e n t a t i o n  wi l l  r e q u i r e  m i n o r  c h a n g e s  
in  t h e  m o d e l ,  BRNSIM, to m a k e  i t s  o u t p u t  c o n f o r m  m o r e  c l o s e l y  to o b s e r v e d  
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t i s s u e  t e m p e r a t u r e s ,  a n d  t h e  a d d i t i o n  of  a r o u t i n e  to c o n v e r t  s e n s o r  t e m p e r a -  
t u r e s  to h e a t  f l u x .  C o n s i d e r a t i o n  of  s u r v i v a b i l i t y  wi l l  r e q u i r e  m o r e  p r e c i s e  
c l i n i c a l  d a t a  r e l a t i n g  b u r n  d e p t h  to c l i n i c a l  o u t c o m e .  
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